In this study, Mo-Si-N coatings were deposited on Si wafers and tungsten carbide substrates using a reactive direct current magnetron sputtering system with a MoSi powder target. The influence of sputtering parameters, such as the N 2 gas flow ratio and working pressure, on the microstructure and mechanical properties (hardness (H), elastic modulus (E), and H/E ratio) of the Mo-Si-N coatings was systematically investigated using X-ray diffractometry (XRD), scanning electron microscopy (SEM), nanoindentation, and transmission electron microscopy (TEM). The gas flow rate was a significant parameter for determining the crystallinity and microstructure of the coatings. A Mo 2 N crystalline coating could be obtained by a high N 2 gas flow ratio of more than 35% in the gas mixture, whereas an amorphous coating could be formed by a low N 2 gas flow ratio of less than 25%. Furthermore, the working pressure played an important role in controlling the smooth surface and densified structure of the Mo-Si-N coating. For the amorphous Mo-Si-N coating deposited with the lowest working pressure (1 mTorr), the hardness, elastic modulus, and H/E ratio reached from 9.9 GPa, 158.8 GPa, and 0.062 up to 17.9 GPa, 216.1 GPa, and 0.083, respectively.
Introduction
Molybdenum nitride coatings have been found to have high hardness, excellent wear resistance, and a low friction coefficient compared with TiN and CrN coatings, which allows their use in various applications (i.e., hard coating, diffusion barrier, and tribological coating) [1] [2] [3] [4] [5] [6] [7] [8] . Recently, ternary Mo-X-N (X = Al, Si, or C) coatings have been designed to further improve the mechanical properties of Mo-N-based coatings or to adjust the microstructure of the coating [3, 9] . Especially, Mo-Si-N coatings deposited on a large content of Si have been studied for their nanocomposite structure, which consists of nanocrystalline Mo 2 N embedded in amorphous matrixes (Si 3 N 4 ) [3, 10, 11] . On the other hand, Mo-Si-N coatings deposited on a low content of Si have been rarely studied compared with nanocomposite coatings.
In particular, it was reported that the microstructure of Mo-Si-N coatings (for example, formation of crystalline or amorphous phases) is influenced by the composition and sputtering parameters [3, 10, 11] . The crystallization behavior of Mo-Si-N coatings is affected by the Si content and the N 2 gas flow ratio [12] . The N 2 gas flow ratio also plays an important role in controlling the microstructure, roughness, and crystallinity of the coating [13] . Furthermore, controlling the sputtering parameters, such as the working pressure, can improve the density of the coating structure and reduce the roughness of the
Experimental
The Mo-Si-N coatings were deposited on p-type Si (100) wafers and WC (including Co 10%) substrates by a reactive high-vacuum direct current magnetron sputtering system (KVS-4006L, Korea Vacuum Tech, Gimpo-si, Korea). The Mo 90 Si 10 target with a diameter of 101.6 mm and a thickness of 6.35 mm was made by mixing the metallic powders with high-purity molybdenum (99.8%) and silicon (99.8%), followed by a final cold-pressing (Plansee SE, Reutte, Austria). Prior to the deposition process, the Si wafers and WC substrates were ultrasonically cleaned and rinsed in acetone, ethanol, and distilled water for 5 min in each step. To fabricate coatings of homogeneous composition and thickness, the substrate stage was regularly rotated at 10 rpm. The chamber was evacuated below 5.0 × 10 −6 Torr (6.6 × 10 −4 Pa) and the sputtering gas was a mixture of high-purity argon (99.999%) and nitrogen (99.999%). Presputtering was performed under an input power of 300 W in Ar atmosphere for 10 min. No external heating was applied to the substrate during deposition. The microstructure, mechanical properties, and composition of the Mo-Si-N coatings were controlled by the N 2 gas flow ratio and the working pressure. First, the N 2 gas flow ratio (R N = N 2 /(Ar + N 2 )) was tuned from 10% to 35% to optimize the condition for having an amorphous structure and high mechanical properties. Second, working pressures were controlled to form a high-density and smooth surface from 1 to 10 mTorr while retaining the N 2 gas flow ratio of 25%. The Mo-Si-N coatings were deposited for 90 min to produce coatings of micron-scale thickness. Typical deposition conditions for the Mo-Si-N coatings are summarized in Table 1 . the Mo-Si-N coatings (thickness and chemical composition) were examined using FE-SEM (SU-8010, Hitachi, Tokyo, Japan) equipped with EDS. The EDS measurements were conducted at least five times to ensure the reliability of the chemical composition. The deposition rate was calculated by dividing the thickness of the coating by the deposition time. The specimen preparation for TEM analysis was performed via focused ion beam thinning (FIB, Nova 600 NanoLab, FEI, Hillsboro, OR, USA). For detailed microstructural characterization, a TEM equipped with a Super-X EDS (TEM, Tecnai F20 G2, FEI, Hillsboro, OR, USA) was utilized. The hardness (H) and elastic modulus (E) of the coatings, which were derived from the Oliver-Pharr method [18] , were measured using a nanoindenter (NHT-X, CSM, Needham, MA, USA) with a Berkovich diamond indenter tip at room temperature. To avoid substrate effects, the indentation measurements were conducted with a maximum indentation depth of less thañ 1/10 of the film thickness [19, 20] . The load-displacement curves were acquired from the depth control mode with loading and unloading rates of 10 mN/min. At least 15 measurements were performed for each sample to calculate average values by excluding the maximum and minimum values. Figure 1a shows the X-ray diffraction patterns of the Mo-Si-N coatings deposited on silicon (100) wafers at various N 2 gas flow ratios from 10% to 35%. Because the thin coating thickness caused the inclusion of the structural information of the silicon wafer, the X-ray diffraction pattern of the silicon wafer was obtained to exclusively analyze the structure of the Mo-Si-N coatings. Under N 2 gas flow ratios from 10% to 30%, the Mo-Si-N coatings exhibited a broad halo pattern between 35 • and 45 • without significant evidence of crystallization, suggesting a typical amorphous structure. On the other hand, the X-ray diffraction pattern of the Mo-Si-N coating deposited by a N 2 gas flow ratio (R N ) of 35% displayed the crystalline Mo 2 N phase with (111), (200), (220), and (311) orientations, respectively [3, 21] . Figure 1b illustrates the chemical compositions of the Mo-Si-N coatings deposited on the WC substrates with N 2 gas flow ratios from 10% to 35% measured by SEM EDS. Every point indicates the average of five data points obtained from different regions on the coating. A WC substrate, instead of a silicon wafer, was selected as the substrate to avoid the possible inclusion of silicon coming from the substrate in the EDS measurements. When the N 2 gas flow ratio increased from 10% to 35%, the N content gradually increased from 19.1 at.% to 32.5 at.%. However, the Mo and Si contents were significantly decreased from 56.3 at.% to 42.5 at.% and 5.5 at.% to 4.3 at.% by the increase of N reactive gas, respectively. The increase of the N 2 gas flow ratio in the gas mixture led to a decrease of the Ar + ion intensity in plasma, causing a reduction in the sputtering yields of Mo and Si atoms [17] . In addition, the crystallinity of the Mo-Si-N coatings depended on the N 2 gas flow ratio and the Si content; specifically, a high N 2 gas flow ratio and low Si content improved the formation of crystalline MoN X [12] . Kattelus et al. reported that the appearance of the first crystalline Mo 2 N phase is consistent with the N composition value of 35 at.% [21] . The O content of the overall Mo-Si-N coatings was detected from 17.6 at.% to 20.6 at.%. The working pressure of 10 mTorr, our experimental condition, is a relatively high pressure. Coatings deposited at a high working pressure typically have a porous structure due to the short mean free path of the sputtered flux [14, 22] . In addition, Tsai et al. explained that a large amount of O is probably incorporated into porous coatings when they are exposed to the atmosphere after deposition [14] . Therefore, it can be presumed that the Mo-Si-N coatings deposited at 10 mTorr had a porous structure and a large O content.
Results and Discussion
The surface SEM micrographs of the Mo-Si-N coatings deposited with N 2 gas flow ratios of 10%, 25%, and 35% are displayed in Figure 2a -c, respectively. There were cracks on the coating deposited at a N 2 gas flow ratio of 10% (Figure 2a ). It was inferred that the cracks on the surface of the Mo-Si-N coating deposited by the N 2 gas flow ratio of 10% probably occurred due to the higher Ar gas ion content than that of the Mo-Si-N coating deposited at a N 2 gas flow ratio of 25%. It has been reported that the sputtering efficiency of Ar ions is higher than N ions [23, 24] . Therefore, Ar gas ions accelerate the sputtered atoms to be faster than N gas ions, and the adatom sputtered by Ar gas ions arrives at the substrate with higher energy than the adatom sputtered by N gas ions. On the other hand, as the N 2 gas flow ratio increased to 25%, the coating shown in Figure 2b had no cracks due to the reduction of the arrival rate of the sputtered species [25] . The coating in Figure 2c definitely shows coarse grains and a rough surface compared with those shown in Figure 2a ,b. According to the XRD results, the coating shown in Figure 2c was crystalline Mo 2 N, which had a different structure than the amorphous structure shown in Figure 2a The surface SEM micrographs of the Mo-Si-N coatings deposited with N2 gas flow ratios of 10%, 25%, and 35% are displayed in Figure 2a -c, respectively. There were cracks on the coating deposited at a N2 gas flow ratio of 10% (Figure 2a ). It was inferred that the cracks on the surface of the Mo-Si-N coating deposited by the N2 gas flow ratio of 10% probably occurred due to the higher Ar gas ion content than that of the Mo-Si-N coating deposited at a N2 gas flow ratio of 25%. It has been reported that the sputtering efficiency of Ar ions is higher than N ions [23, 24] . Therefore, Ar gas ions accelerate the sputtered atoms to be faster than N gas ions, and the adatom sputtered by Ar gas ions arrives at the substrate with higher energy than the adatom sputtered by N gas ions. On the other hand, as the N2 gas flow ratio increased to 25%, the coating shown in Figure 2b had no cracks due to the reduction of the arrival rate of the sputtered species [25] . The coating in Figure 2c definitely shows coarse grains and a rough surface compared with those shown in Figure 2a ,b. According to the XRD results, the coating shown in Figure 2c was crystalline Mo2N, which had a different structure than the amorphous structure shown in Figure 2a The surface SEM micrographs of the Mo-Si-N coatings deposited with N2 gas flow ratios of 10%, 25%, and 35% are displayed in Figure 2a -c, respectively. There were cracks on the coating deposited at a N2 gas flow ratio of 10% (Figure 2a ). It was inferred that the cracks on the surface of the Mo-Si-N coating deposited by the N2 gas flow ratio of 10% probably occurred due to the higher Ar gas ion content than that of the Mo-Si-N coating deposited at a N2 gas flow ratio of 25%. It has been reported that the sputtering efficiency of Ar ions is higher than N ions [23, 24] . Therefore, Ar gas ions accelerate the sputtered atoms to be faster than N gas ions, and the adatom sputtered by Ar gas ions arrives at the substrate with higher energy than the adatom sputtered by N gas ions. On the other hand, as the N2 gas flow ratio increased to 25%, the coating shown in Figure 2b had no cracks due to the reduction of the arrival rate of the sputtered species [25] . The coating in Figure 2c definitely shows coarse grains and a rough surface compared with those shown in Figure 2a ,b. According to the XRD results, the coating shown in Figure 2c was crystalline Mo2N, which had a different structure than the amorphous structure shown in Figure 2a Figure 3 displays the deposition rate of the Mo-Si-N coatings fabricated under N 2 gas flow ratios from 10% to 35%. The deposition rate of Mo-Si-N coatings was calculated by dividing the thickness of the coating by the deposition time. As the N 2 gas flow ratio increased from 10% to 30%, the deposition rate of the Mo-Si-N coatings accordingly decreased from 22.8 nm/min for an R N of 10% to 19.7 nm/min for an R N of 30%. This phenomenon can be explained as follows: First, the target poisoning effect caused the reduction of the sputtering yields of Mo and Si during the sputtering process because excessive N 2 gas in the chamber formed the nitride on the surface of the metal target [13, 26] . Second, Coatings 2020, 10, 34 5 of 11 the sputtering efficiency of N 2 gas ions is typically lower than that of inert Ar gas ions [23, 24] . However, the deposition rate of the Mo-Si-N coating deposited at a N 2 gas flow ratio of 35% slightly increased from 19.7 to 20.2 nm/min because of the formation of coarse grains (crystalline) and a rough surface. of the coating by the deposition time. As the N2 gas flow ratio increased from 10% to 30%, the deposition rate of the Mo-Si-N coatings accordingly decreased from 22.8 nm/min for an RN of 10% to 19.7 nm/min for an RN of 30%. This phenomenon can be explained as follows: First, the target poisoning effect caused the reduction of the sputtering yields of Mo and Si during the sputtering process because excessive N2 gas in the chamber formed the nitride on the surface of the metal target [13, 26] . Second, the sputtering efficiency of N2 gas ions is typically lower than that of inert Ar gas ions [23, 24] . However, the deposition rate of the Mo-Si-N coating deposited at a N2 gas flow ratio of 35% slightly increased from 19.7 to 20.2 nm/min because of the formation of coarse grains (crystalline) and a rough surface. The hardness and elastic modulus of the Mo-Si-N coatings deposited with N2 gas flow ratios from 10% to 35% are displayed in Table 2 . The hardness increased from 7.4 ± 0.09 to 9.9 ± 0.23 GPa as the N2 gas flow ratio increased from 10% to 25%, then decreased to 7.2 ± 0.14 GPa at a N2 gas flow ratio of 35%. A similar trend was observed for the elastic modulus. The difference in the hardness between the amorphous coatings deposited under distinct sputtering conditions could have been caused by microstructural defects such as cracks, as shown in Figure 2a . The N2 gas flow ratio of 10% led to cracks, which could have been produced by sputtered Mo and Si atoms with a higher kinetic energy due to a high Ar + ion intensity in plasma [13, 17, 27] . Therefore, the mechanical property results of the Mo-Si-N coating deposited at a N2 gas flow ratio of 10% are not trustworthy due to the measurement of samples with cracks on the surface. However, the surface image of the coatings under a N2 gas flow ratio of 25% ( Figure 2b ) showed no crack formation because of the low kinetic energy of the sputtered Mo and Si atoms. On the other hand, the decrease of the hardness from 25% to 35% is ascribed to the transition of the structure from amorphous to crystalline. Moreover, the coating deposited with a N2 gas flow ratio of 35% ( Figure 2c ) had a rough surface and coarse grains, which caused the lower hardness compared with the fully amorphous structure [28] . H/E ratio values have recently been used to predict the plastic deformation and wear resistance of coatings [29] [30] [31] [32] . The calculated H/E values of the Mo-Si-N coatings according to the N2 gas flow ratios are indicated in Table 2 . It was reported that a higher H/E value distributes the applied load to a wider region of the coating, which results in increased resistance to cracking and plastic deformation [29, 31] . The values of the H/E ratio of the Mo-Si-N amorphous coatings produced with N2 gas flow ratios from 15% to 25% were almost similar, except for the coatings deposited with RN values of 10%, 30%, and 35%. However, the overall hardness and H/E ratio of the Mo-Si-N coatings were relatively lower compared with those of previous reports [11, 33] . In this study, the O content of the Mo-Si-N coatings was around 20 at.%, which could be detrimental to the coating hardness [14, 17] . A large amount of O in a coating means that the coating structure is porous because of the incorporation of O into the coating. Therefore, porous structures have low mechanical properties due to the low density and rough surface. The hardness and elastic modulus of the Mo-Si-N coatings deposited with N 2 gas flow ratios from 10% to 35% are displayed in Table 2 . The hardness increased from 7.4 ± 0.09 to 9.9 ± 0.23 GPa as the N 2 gas flow ratio increased from 10% to 25%, then decreased to 7.2 ± 0.14 GPa at a N 2 gas flow ratio of 35%. A similar trend was observed for the elastic modulus. The difference in the hardness between the amorphous coatings deposited under distinct sputtering conditions could have been caused by microstructural defects such as cracks, as shown in Figure 2a . The N 2 gas flow ratio of 10% led to cracks, which could have been produced by sputtered Mo and Si atoms with a higher kinetic energy due to a high Ar + ion intensity in plasma [13, 17, 27] . Therefore, the mechanical property results of the Mo-Si-N coating deposited at a N 2 gas flow ratio of 10% are not trustworthy due to the measurement of samples with cracks on the surface. However, the surface image of the coatings under a N 2 gas flow ratio of 25% ( Figure 2b ) showed no crack formation because of the low kinetic energy of the sputtered Mo and Si atoms. On the other hand, the decrease of the hardness from 25% to 35% is ascribed to the transition of the structure from amorphous to crystalline. Moreover, the coating deposited with a N 2 gas flow ratio of 35% ( Figure 2c ) had a rough surface and coarse grains, which caused the lower hardness compared with the fully amorphous structure [28] . H/E ratio values have recently been used to predict the plastic deformation and wear resistance of coatings [29] [30] [31] [32] . The calculated H/E values of the Mo-Si-N coatings according to the N 2 gas flow ratios are indicated in Table 2 . It was reported that a higher H/E value distributes the applied load to a wider region of the coating, which results in increased resistance to cracking and plastic deformation [29, 31] . The values of the H/E ratio of the Mo-Si-N amorphous coatings produced with N 2 gas flow ratios from 15% to 25% were almost similar, except for the coatings deposited with R N values of 10%, 30%, and 35%. However, the overall hardness and H/E ratio of the Mo-Si-N coatings were relatively lower compared with those of previous reports [11, 33] . In this study, the O content of the Mo-Si-N coatings was around 20 at.%, which could be detrimental to the coating hardness [14, 17] . A large amount of O in a coating means that the coating structure is porous because of the incorporation of O into the coating. Therefore, porous structures have low mechanical properties due to the low density and rough surface. Figure 4a shows XRD patterns of Mo-Si-N coatings deposited on Si wafers with various working pressures. The XRD result measured from the Si wafer exclusively is also shown, since all the XRD patterns include the structural information of the Si wafer due to the thin thickness of the coatings. All the XRD patterns shown in Figure 4a exhibited a broad halo pattern between 35 • and 45 • , which is characteristic of a typical amorphous structure. No crystalline phases, such as Mo, Mo 3 Si, Mo 5 Si 3 , MoSi 2 , and Si 3 N 4 , were observed in the XRD results [3, 11] . These results clearly indicate that Mo-Si-N amorphous coatings can be made on working pressures ranging from 1 to 10 mTorr. Figure 4b exhibits the chemical compositions of the Mo-Si-N amorphous coatings. As the working pressure decreased, the content of Mo and Si increased from 49.0 at.% to 65.3 at.% and 5.0 at.% to 6.4 at.%, respectively. However, the O content decreased from 17.1 at.% to 3.4 at.% as the working pressure decreased. As mentioned previously, coatings deposited at a high working pressure form a porous structure with a high probability of impurities being incorporated due to the short mean free path. On the other hand, coatings deposited at a low working pressure result in a dense structure and a smooth surface by the sputtered flux with a long mean free path, which reduces the probability of impurities being incorporated [14] .
Coatings 2019, 9, Figure 4a shows XRD patterns of Mo-Si-N coatings deposited on Si wafers with various working pressures. The XRD result measured from the Si wafer exclusively is also shown, since all the XRD patterns include the structural information of the Si wafer due to the thin thickness of the coatings. All the XRD patterns shown in Figure 4a exhibited a broad halo pattern between 35° and 45°, which is characteristic of a typical amorphous structure. No crystalline phases, such as Mo, Mo3Si, Mo5Si3, MoSi2, and Si3N4, were observed in the XRD results [3, 11] . These results clearly indicate that Mo-Si-N amorphous coatings can be made on working pressures ranging from 1 to 10 mTorr. Figure 4b exhibits the chemical compositions of the Mo-Si-N amorphous coatings. As the working pressure decreased, the content of Mo and Si increased from 49.0 at.% to 65.3 at.% and 5.0 at.% to 6.4 at.%, respectively. However, the O content decreased from 17.1 at.% to 3.4 at.% as the working pressure decreased. As mentioned previously, coatings deposited at a high working pressure form a porous structure with a high probability of impurities being incorporated due to the short mean free path. On the other hand, coatings deposited at a low working pressure result in a dense structure and a smooth surface by the sputtered flux with a long mean free path, which reduces the probability of impurities being incorporated [14] . The surface and cross-sectional SEM micrographs of the Mo-Si-N coatings deposited at various working pressures are illustrated in Figure 5 . It can be seen that the thickness of the coatings gradually decreased from 1780 to 1380 nm due to the reduction of the working pressure from 10 to 1 mTorr. At a high working pressure, excessive gas in the chamber caused an increase in sputtering; thus, the sputter yields of Mo and Si increased. The surface and cross-sectional micrographs in Figure The surface and cross-sectional SEM micrographs of the Mo-Si-N coatings deposited at various working pressures are illustrated in Figure 5 . It can be seen that the thickness of the coatings gradually decreased from 1780 to 1380 nm due to the reduction of the working pressure from 10 to 1 mTorr. At a high working pressure, excessive gas in the chamber caused an increase in sputtering; thus, the sputter yields of Mo and Si increased. The surface and cross-sectional micrographs in Figure 5a The coatings deposited at high working pressures (10 and 5 mTorr) exhibited a rough and porous surface; however, a smooth and dense surface was obtained when deposition was at low working pressures (2.5 and 1 mTorr). Likewise, the cross-sectional images show the same result for the surface. At high working pressures, sputtered atoms obliquely colliding with gas species could arrive on the substrate and decrease the energy of bombardment on the coating, which is known as the shadowing effect [13] . Thus, the shadowing effect, caused by the higher working pressure, led to the formation of a porous structure between columns within the growing coatings [13, 14, 34] . In terms of the zone structure model [15] , the microstructure in Figure 5d is close to the "Zone T structure", with dense and fibrous grains, while the microstructure in Figure 5a resembles the "Zone 1 structure", with porous and columnar grains. At a lower working pressure, the mobility of the adatoms was sufficient to induce atomic migration, allowing enough atomic rearrangement of adatoms [35] . This phenomenon has been described as the atomic peening effect, which increases the density and surface smoothness [35] .
Coatings 2019, 9, x FOR PEER REVIEW 7 of 11 5a,d show apparent microstructural changes in the Mo-Si-N coatings according to various working pressures. The coatings deposited at high working pressures (10 and 5 mTorr) exhibited a rough and porous surface; however, a smooth and dense surface was obtained when deposition was at low working pressures (2.5 and 1 mTorr). Likewise, the cross-sectional images show the same result for the surface. At high working pressures, sputtered atoms obliquely colliding with gas species could arrive on the substrate and decrease the energy of bombardment on the coating, which is known as the shadowing effect [13] . Thus, the shadowing effect, caused by the higher working pressure, led to the formation of a porous structure between columns within the growing coatings [13, 14, 34] . In terms of the zone structure model [15] , the microstructure in Figure 5d is close to the "Zone T structure", with dense and fibrous grains, while the microstructure in Figure 5a resembles the "Zone 1 structure", with porous and columnar grains. At a lower working pressure, the mobility of the adatoms was sufficient to induce atomic migration, allowing enough atomic rearrangement of adatoms [35] . This phenomenon has been described as the atomic peening effect, which increases the density and surface smoothness [35] . Figure 6a displays the cross-sectional bright-field (BF) TEM images and the selected area electron diffraction (SAED) pattern of the Mo-Si-N coating with the smoothest surface and highest density (1 mTorr) . The thickness of the coating was measured to be 1480 nm, which is similar to that shown in Figure 5d . The SAED pattern indicated a hallow ring pattern, which demonstrated the formation of the homogenous amorphous structure throughout the deposited coating. Moreover, the coating Figure 6a displays the cross-sectional bright-field (BF) TEM images and the selected area electron diffraction (SAED) pattern of the Mo-Si-N coating with the smoothest surface and highest density (1 mTorr). The thickness of the coating was measured to be 1480 nm, which is similar to that shown in Figure 5d . The SAED pattern indicated a hallow ring pattern, which demonstrated the formation of the homogenous amorphous structure throughout the deposited coating. Moreover, the coating deposited with 1 mTorr clearly formed a densified structure without a columnar structure (Figure 6b ). It can be seen that the high-resolution (HR) TEM image in Figure 6c exhibits randomly distributed adatoms without the regularities of lattice fringes in the coating, confirming the formation of the amorphous structure [36] . The fast Fourier transform (FFT) diffractogram inserted in Figure 6 (c1) shows a hollow ring pattern with the same result as the SAED pattern.
Coatings 2019, 9, x FOR PEER REVIEW  8 of 11 deposited with 1 mTorr clearly formed a densified structure without a columnar structure ( Figure  6b ). It can be seen that the high-resolution (HR) TEM image in Figure 6c exhibits randomly distributed adatoms without the regularities of lattice fringes in the coating, confirming the formation of the amorphous structure [36] . The fast Fourier transform (FFT) diffractogram inserted in Figure  6 (c1) shows a hollow ring pattern with the same result as the SAED pattern. The hardness, elastic modulus, and H/E ratio values of the Mo-Si-N coatings deposited on Si wafers at diverse working pressures from 10 to 1 mTorr are indicated in Table 3 . With a working pressure of 10 mTorr, the hardness and elastic modulus were measured to be 9.9 ± 0.23 and 158.8 ± 3.13 GPa, respectively. The reduced working pressure (1 mTorr) resulted in an increase of the hardness and elastic modulus up to 17.9 ± 0.19 and 216.1 ± 2.90 GPa, respectively. The H/E values of Mo-Si-N coatings with 10, 5, 2.5, and 1 mTorr were 0.062 ± 0.0020, 0.065 ± 0.0022, 0.082 ± 0.0014, and 0.083 ± 0.0017, respectively. Despite having the same amorphous structure, the mechanical properties of the Mo-Si-N coating were enhanced by about 2-fold due to the transformation from a rough to a smooth surface and from a porous to a densified structure as the working pressure decreased step by step. Also, these coating structure transformations caused a reduction of oxygen incorporation, as indicated in the EDS and SEM results [13] . Table 3 . Hardness, elastic modulus, and H/E of the Mo-Si-N coatings deposited at working pressures of 10, 5, 2.5, and 1 mTorr, retaining a N2 gas flow ratio of 25%.
Working Pressure (mTorr)

Mechanical Properties
Hardness (GPa) Elastic Modulus (GPa)
H/E ratio Based on the present microstructural characterization and mechanical tests, the mechanical properties of the Mo-Si-N coatings were found to be strongly dependent upon the coating structures, such as crystalline and amorphous structures. Specifically, the amorphous Mo-Si-N coatings exhibited better mechanical properties than the coating including a partial crystalline structure. The formation of the amorphous coating and its mechanical properties can be controlled by the gas flow ratio and working pressures. First, the gas flow ratio is a crucial process parameter when forming an amorphous coating structure. Especially, a N2 gas flow ratio of 25% is required for the formation of the amorphous phase without cracking and a partial crystalline phase in the coating layer. Secondly, the working pressure plays an important role in controlling the mechanical properties of the amorphous coatings. The reduction of the working pressure increases the coating density and reduces oxygen incorporation and roughness. Therefore, it is believed that these two processing The hardness, elastic modulus, and H/E ratio values of the Mo-Si-N coatings deposited on Si wafers at diverse working pressures from 10 to 1 mTorr are indicated in Table 3 . With a working pressure of 10 mTorr, the hardness and elastic modulus were measured to be 9.9 ± 0.23 and 158.8 ± 3.13 GPa, respectively. The reduced working pressure (1 mTorr) resulted in an increase of the hardness and elastic modulus up to 17.9 ± 0.19 and 216.1 ± 2.90 GPa, respectively. The H/E values of Mo-Si-N coatings with 10, 5, 2.5, and 1 mTorr were 0.062 ± 0.0020, 0.065 ± 0.0022, 0.082 ± 0.0014, and 0.083 ± 0.0017, respectively. Despite having the same amorphous structure, the mechanical properties of the Mo-Si-N coating were enhanced by about 2-fold due to the transformation from a rough to a smooth surface and from a porous to a densified structure as the working pressure decreased step by step. Also, these coating structure transformations caused a reduction of oxygen incorporation, as indicated in the EDS and SEM results [13] . Table 3 . Hardness, elastic modulus, and H/E of the Mo-Si-N coatings deposited at working pressures of 10, 5, 2.5, and 1 mTorr, retaining a N 2 gas flow ratio of 25%. Based on the present microstructural characterization and mechanical tests, the mechanical properties of the Mo-Si-N coatings were found to be strongly dependent upon the coating structures, such as crystalline and amorphous structures. Specifically, the amorphous Mo-Si-N coatings exhibited better mechanical properties than the coating including a partial crystalline structure. The formation of the amorphous coating and its mechanical properties can be controlled by the gas flow ratio and working pressures. First, the gas flow ratio is a crucial process parameter when forming an amorphous coating structure. Especially, a N 2 gas flow ratio of 25% is required for the formation of the amorphous phase without cracking and a partial crystalline phase in the coating layer. Secondly, the working pressure plays an important role in controlling the mechanical properties of the amorphous coatings.
